Rab3 GTPase Lands Bruchpilot  by Giagtzoglou, Nikolaos et al.
Despite the absence of functional C
boutons, these mice developed normally,
reached adulthood, and had grossly
normal motor behavior. Nor did the dele-
tion disrupt the normal activation patterns
of hindlimbmotor neurons during walking.
In a quantitative assessment of motor
activity, the normal alternation of activity
in ipsilateral extensor (gastrocnemius,
Gs) and flexor (tibialis anterior, TA)
muscles is preserved, as is the normal
alternation of activity in ipsilateral and
contralateral extensor (TA) muscles. The
loss of input from C boutons, however,
became apparent during swimming. The
peak activity in EMG recordings during
swimming (6-fold higher than during
walking in wild-type mice) is reduced by
about 40% in the deletion mutant. This
reduction is comparable to the 20%–
40% reduction in burst amplitude ob-
served with muscarinic m2 receptor
blockade during fictive motor activity in
the isolated cord (Miles et al., 2007). The
observation that only a portion of the
increased activity in Gs motor neurons
during swimming is lost in these mice
makes clear that multiple mechanisms
contribute to the modulation of motor
activity during locomotion. Nevertheless,
Zagoraiou and coworkers have demon-
strated that this combination of molecular
genetic techniques, electrophysiological
recordings and quantitative assessments
of behavior is able to unravel the role of
a specific restricted class of interneurons
in controlling and modulating behavior.
The 40 year mystery of the function of
C boutons is solved.
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Active zones are the sites of neurotransmitter release, but their assembly mechanisms are poorly under-
stood. In this issue of Neuron, Graf et al. perform a genetic screen in Drosophila and uncover a novel role
for the Rab3 GTPase in organizing the active zone at the neuromuscular junction.Neurons communicate signals to post-
synaptic cells through asymmetric, inter-
cellular junctions called synapses. At
chemical synapses, such as the fly larval
neuromuscular junction (NMJ), the pre-
synaptic terminal is at the end of the nerve
axon, containing neurotransmitter-laden
synaptic vesicles that cluster around
specialized regions, named active zones
(AZs) (Figure 1A). The AZ is also the
site where voltage-gated calcium (Ca2+)
channels cluster (Figure 1A). Opening of
the Ca2+ channels upon arrival of an
action potential at the terminal allowsentry of Ca2+, which activates the exo-
cytic machinery and promotes the fusion
of synaptic vesicles that are docked and
primed for release. The release of neuro-
transmitters in the synaptic cleft acti-
vates postsynaptic receptors that are
juxtaposed to the AZ. Hence, the subcel-
lular organization of AZ and postsynaptic
receptors ensures an efficient coupling
of transmission. The assembly site and
composition of AZ are therefore important
aspects of synapse development and
function (Jin and Garner, 2008; Kittel
et al., 2006).Neuron 64, DAt the ultrastructural level, AZs are
readily distinguished by electron-dense
proteinacious material (the cytoplasmic
matrix at the AZ, or CAZ), which acquires
characteristic shapes at different syn-
apses, as for example the T bar-shaped
structure observed at the fly NMJ (Fig-
ure 1B) (Jin and Garner, 2008). The
poor solubility of CAZ components has
hindered their biochemical purification
and identification. However, by combining
genetic, molecular, electrophysiological,
and imaging approaches, key properties
of the CAZ proteins have recently beenecember 10, 2009 ª2009 Elsevier Inc. 595
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PreviewsFigure 1. Rab3 GTPase Contributes in Active Zone Assembly
(A) The active zone of the synapses is the specialized region of the presynaptic terminal where synaptic
vesicles cluster. Brp is a structural component of the active zone. Additional Brp molecules coalesce to
form a T bar, near which synaptic vesicles cluster and cacophony Ca2+ channels localize. Rab3 positively
regulates the addition of Brpmolecules to nascent synapses, perhaps functioning through RIM. Upon acti-
vation of the channels by an action potential, Ca2+ enters the terminal, causing synaptic vesicles to fuse
and release neurotransmitter molecules into the synaptic cleft.
(B) Transmission electron microscopymicrograph reveals the characteristic T bar-shaped structure of the
CAZ at the Drosophila larval NMJ (when using standard fixation protocols). Note the clustering of the
synaptic vesicles around the T bar and the electron-dense region of the plasma membrane.determined. Indeed, genetic screens in
C. elegans and Drosophila have led to
the identification of various components
that are required for the proper assembly
and function of the CAZ (Jin and Garner,
2008; Owald and Sigrist, 2009).
Among the first proteins to be identified
as playing a critical role in both the struc-
ture and the function of CAZ at mamma-
lian synapses were the two large scaf-
folding molecules Piccolo and Bassoon,
which orchestrate AZ assembly. While
there are no obvious homologs of Pic-
colo and Bassoon in invertebrates, they
both interact with another CAZ protein
called ELKS, also known as ERC/CAST
in mice, whose homologs do exist and
correspond to Bruchpilot (Brp) in flies
and ELKS in worms (Jin and Garner,596 Neuron 64, December 10, 2009 ª2009 E2008; Owald and Sigrist, 2009; Schoch
and Gundelfinger, 2006). In Drosophila,
Brp is critical for both the structural integ-
rity and functionality of the AZ and local-
izes in a doughnut-shaped structure that
surrounds the T bar . In brp mutants,
T bars are eliminated and clustering of
the voltage-gated Ca2+ channels, as
assayed by localization of the cacophony
(Cac) subunit, is impaired (Kittel et al.,
2006). ELKS also interacts with Rab3
GTPase interacting molecule (RIM) (Jin
and Garner, 2008; Schoch and Gundelfin-
ger, 2006) which, along with MUNC13, is
involved in the maturation/priming of syn-
aptic vesicles. Both RIM andMUNC13 are
CAZ proteins with homologs in flies and
worms (Jin and Garner, 2008; Schoch
and Gundelfinger, 2006).lsevier Inc.In the current study, Graf et al. (2009)
sought to identify the mechanisms regu-
lating protein composition at individual
AZs (Graf et al., 2009). As Brp is normally
present in every AZ, they performed
a large-scale screen of Drosophila strains
that carry P transposable element inser-
tions (Bellen et al., 2004), searching for
mutants with altered Brp morphology at
the AZs. The authors discovered that the
Rab3GTPaseplaysan important regulatory
role in the assembly of AZs at the fly NMJ.
Upon loss of rab3, Brp is dramatically re-
distributed at the fly NMJ, being con-
centrated at a minor fraction of available
AZs, whereas other aspects of the NMJ
architecture, i.e., synaptic terminal area,
distribution of synaptic vesicles, and post-
synaptic glutamate receptor clustering,
are unaffected. At the level of confocal
microscopy, the number of Brp-positive
punctae at the NMJs of rab3mutant larvae
is reducedby70%incomparison tocontrol
animals, while the size of the extant Brp
punctae is enlarged. The redistribution of
Brp is reflected at the ultrastructural level
by the fact that most of the AZs, which
are recognized by the pre- and postsyn-
aptic electron-dense regions, lack T bars,
while others host multiple. As might be ex-
pected (Kittel et al., 2006), the subcellular
organization of Cac is also altered accord-
ingly. Opposite these Brp- and Cac-posi-
tive synapses, larger clusters of postsyn-
aptic receptors appear, indicating that the
efficacy of neurotransmission is increased
at these sites. Indeed, at the electrophysio-
logical level, loss of rab3 does not affect
overall quantal content and size but rather
increases the probability of release at the
‘‘enlarged’’ active zones (i.e., fewer effec-
tive synapses compensate with enhanced
transmission). The results thus indicate
that Rab3 influences the function of indi-
vidual synapses by ensuring the proper
distributionof theAZproteinsBrp andCac.
While these experiments support a
developmental role for Rab3 in AZ
assembly, Rab3may affect synaptic func-
tion and plasticity. This hypothesis is
bolstered by the observation that the
loss of Rab3 is reversible. Indeed, repro-
viding Rab3 in mutant Rab3 neurons
rescues the phenotype: instead of the
few enlarged Brp clusters, more numer-
ous wild-type-size clusters reappear.
Therefore, modulation of Rab3 activity
may adjust the availability of the mobile
Neuron
Previewspool of Brp molecules in and out of the
AZ depending on the demands of each
synapse.
The data indicate that Rab3 may nega-
tively regulate the size of BRP clusters, as
loss of Rab3 leads to fewer, larger clus-
ters than in wild-type. Indeed, lowering
the levels of Brp partially suppresses
the aberrant size of rab3mutant Brp clus-
ters. One would therefore expect that
increasing the levels of Brp in the rab3
mutant background should enlarge the
Brp punctae even further, and no new
ones should appear at the NMJ. How-
ever, Brp overexpression in the Rab3
mutants decreased the average size and
increased the number of Brp punctae
when compared to the loss of Rab3 alone.
The authors thus propose that Rab3 does
not negatively control the size of Brp clus-
ters but regulates the deposition of the
endogenous Brp into the AZs (Figure 1A).
Rab3 belongs to the Rab family of
GTPases, which control membrane iden-
tity and trafficking within eukaryotic cells
(Stenmark, 2009). It is one of the most
abundant constituents of synaptic vesi-
cles and has been implicated in diverse
aspects of their cycle, such as docking,
priming, and fusion (Ng and Tang, 2008;
Sudhof, 2004). Given this association
with vesicles and cycling, the study of
Graf et al. seems to suggest a novel
synaptic role for Rab3 GTPase in the
regulation of AZ dynamics. The mecha-
nism by which it operates, though,
remains unclear; however, some insight
into potential interactions may come
from vertebrate studies.
The role of Rab3 in the redistribution of
components of the AZ release machinery
touches upon the vesicularmode of trans-
port of AZ components. Intriguingly, Pic-
colo is transferred to nascent synapses
via 80 nm diameter dense core granulated
vesicles, the piccolo transport vesicles
(PTV) (Zhai et al., 2001). Bassoon as well
as the Rab3a/c GTPases and their
effector molecule RIM are also present
on PTVs (Shapira et al., 2003; Zhai et al.,
2001), suggesting that Rab3 GTPase
and its effector RIM may be involved inactive zone assembly mechanisms at
mammalian synapses. By analogy, RIM
is the most promising candidate among
the known Rab3 effectors for mediating
the function of Rab3 GTPase. Hence,
determining the function of the fly homo-
log of RIM may help us further dissect
AZ assembly at Drosophila NMJs and
evaluate the degree of evolutionary con-
servation of AZ assembly.
Previous studies in C. elegans rab3
mutants did not document defects in
AZ formation (Nonet et al., 1997), and
cultured hippocampal neurons derived
from quadruple-knockout Rab3 mice still
exhibit clustered and docked vesicles
(Schlu¨ter et al., 2004). Graf et al. suggest
that previous studies at synapses inmam-
mals and worms model may have over-
looked the distribution of AZs. Also, the
fly rab3 mutants exhibit a milder synaptic
transmission defect than C. elegans or
mouse mutants. In Drosophila, loss of
rab3 increases the probability of release
at the NMJ, whereas in worms and
quadruple Rab3 mutant mouse neurons,
evoked release is reduced (Mahoney
et al., 2006; Nonet et al., 1997; Schlu¨ter
et al., 2004). The distinct properties of
individual neurons may obviously account
for these differences. Alternatively, there
may be functional redundancy and/or
compensation by another Rab GTPase
upon loss of rab3. Previous work in
C. elegans has documented that both
Rab3 and Rab27 regulate synaptic trans-
mission and exocytosis (Mahoney et al.,
2006). A collection of fly transgenic lines
bearing different Rab transgenes (Zhang
et al., 2007) may prove to be a valuable
tool for addressing this question at the
fly NMJ.
The identification of Rab3 GTPase as
a regulator of AZ structure and function
at the fly larval NMJ sheds new light on
AZ assembly dynamics with potentially
important implications for synaptic plas-
ticity. At the same time, new questions
arise. How is Rab3 GTPase activity regu-
lated at the synapse? Is there a physical
interaction between Brp and Rab3? Is
the Rab3 GTPase activity controlled byNeuron 64, Dthe output of other synaptogenic signals,
such as liprin-a, neurexin, or unc51/ERK
signaling (Owald and Sigrist, 2009)?
Finally, what is the role of Rab3 at the
Drosophila NMJ in synaptic plasticity?
Future studies at Drosophila NMJ may
address these questions and identify
novel dimensions in synapse develop-
ment and function.
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